In a fundamental process throughout nature, reduced iron unleashes the oxidative power of hydrogen peroxide into reactive intermediates. However, notwithstanding much work, the mechanism by which Fe 2+ 6 2+ in bulk water via a process that favors inner-sphere two-electron O-atom over outer-sphere one-electron transfers. The higher reactivity of di-iron ferryls vs. O=Fe (1) (2) (3) (4) . Such species, along with ·OH radicals, have long been deemed putative intermediates in the oxidation of Fe II by H 2 O 2 (Fenton's reaction) (5, 6) , O 3 , or HOCl (7, 8) . The widespread availability of Fe II and peroxides in vivo (9) (10) (11) (12) , in natural waters and soils (13) , and in the atmosphere (14-18) makes Fenton chemistry and Fe IV =O groups ubiquitous features in diverse systems (19) . A lingering issue regarding Fenton's reaction is how the relative yields of ferryls vs. ·OH radicals depend on the medium. For example, by assuming unitary ·OH radical yields, some estimates suggest that Fenton's reaction might account for ∼30% of the ·OH radical production in fog droplets (20) . Conversely, if Fenton's reaction mostly led to Fe IV =O species, atmospheric chemistry models predict that their steady-state concentrations would be ∼10
4 times larger than [·OH] , thereby drastically affecting the rates and course of oxidative chemistry in such media (20) . Fe IV =O centers are responsible for the versatility of the family of cytochrome P450 enzymes in catalyzing the oxidative degradation of a vast range of xenobiotics in vivo (21) (22) (23) (24) (25) (26) (27) (28) , and the selective functionalization of saturated hydrocarbons (29) . The bactericidal action of antibiotics has been linked to their ability to induce Fenton chemistry in vivo (9, (30) (31) (32) (33) (34) . Oxidative damage from exogenous Fenton chemistry likely is responsible for acute and chronic pathologies of the respiratory tract (35) (36) (37) (38) .
Despite its obvious importance, the mechanism of Fenton's reaction is not fully understood. What is at stake is how the coordination sphere of Fe 2+ (39) (40) (41) (42) (43) (44) (45) (46) under specific conditions affects the competition between the one-electron transfer producing ·OH radicals (the Haber-Weiss mechanism) (47), reaction R1, and the two-electron oxidation via O-atom transfer (the Bray-Gorin mechanism) into Fe IV O
2+
, reaction R2 (6, 23, 26, 27, 45, 48-51):
Ozone reacts with Fe 2+ via analogous pathways leading to (formally) the same intermediates, reactions R3a, R3b, and R4 (8, 49, 52, 53) :
At present, experimental evidence about these reactions is indirect, being largely based on the analysis of reaction products in bulk water in conjunction with various assumptions. Given the complex speciation of aqueous Fe 2+ /Fe 3+ solutions, which includes diverse poly-iron species both as reagents and products, it is not surprising that classical studies based on the identification of reaction intermediates and products via UV-absorption spectra and the use of specific scavengers have fallen short of fully unraveling the mechanism of Fenton's reaction. Herein we address these issues, focusing particularly on the critically important interfacial Fenton chemistry that takes place at boundaries between aqueous and hydrophobic media, such as those 6 2+ in bulk water. Our results suggest that interfacial Fenton and Fenton-like chemistries could play a more significant role than hitherto envisioned.
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Freely available online through the PNAS open access option. 1 present in atmospheric clouds (16) , living tissues, biomembranes, bio-microenvironments (38, 54, 55) , and nanoparticles (56, 57) .
We exploited the high sensitivity, surface selectivity, and unambiguous identification capabilities of a newly developed instrument based on online electrospray mass spectrometry (ES-MS) (58) (59) (60) (61) (62) to identify the primary products of reactions R1-R4 on aqueous FeCl 2 microjets exposed to gaseous H 2 O 2 and O 3 beams under ambient conditions [in N 2 (g) at 1 atm at 293 ± 2 K]. Our experiments are conducted by intersecting the continuously refreshed, uncontaminated surfaces of free-flowing aqueous microjets with reactive gas beams for τ ∼10-50 μs, immediately followed (within 100 μs; see below) by in situ detection of primary interfacial anionic products and intermediates via ES-MS (Methods, SI Text, and Figs. S1 and S2). We have previously demonstrated that online mass spectrometric sampling of liquid microjets under ambient conditions is a surface-sensitive technique (58, (62) (63) (64) (65) (66) (67) . Fig. 1 A and B shows negative ion ES mass spectra of the surface of 10 μM and 100 μM FeCl 2 aqueous microjets, respectively, while being exposed to O 2 (g) and O 3 (g)/O 2 (g) mixtures for contact times τ of the order of a few tens of microseconds. Gasliquid contact times τ correspond to the estimated lifetimes of the microjets, i.e., before they are broken up by the nebulizer gas into submicrometer-sized droplets carrying net excess charges (58) (SI Text). A hard upper bound to τ can be derived from the fact that microdroplets carried by the nebulizer gas issuing from the injector nozzle at typical v ∼2 × 10 4 cm·s −1 velocities would reach the inlet to the detection section of the mass spectrometer ∼2 cm away from the tip of the nozzle in <100 μs. The net charges produced during the aerodynamic breakup of the liquid jet represent the raw information acquired by the mass spectrometer (58) . We confirmed experimentally that in our instrument charge separation among the anions and cations present in interfacial layers is largely driven pneumatically (rather than electrostatically/electrochemically) (68) by showing that signal intensities and anion fractionation increase at higher nebulizer gas velocities v and extrapolate to zero as v → 0 (58). In Fig. 1A , the ES mass spectral multiplets at m/z = 161, 163, and 165 correspond to Fe II Cl 3
Results and Discussion

−
. The characteristic multiplet patterns arising from natural abundance 35 Cl (75%) and 37 Cl (25%) chlorine isotopes let us establish the number of Cl − contained in each detected species and, hence, the molecular composition of these singly charged ions ( -in bulk water (7), we estimate that less than 0.1% Fe 2+ should have been consumed under present conditions. In other words, reactions R3a and R4 proceed ∼10
-10
4 times faster at the gas-water interface than in bulk water. The modest concentration enhancements of many gases at the air-water interface predicted by theoretical simulation (70) and demonstrated experimentally (71) (72) (73) (74) would not substantially alter the above statement. We tentatively ascribe the significant acceleration of reaction R4 at the gas-water interface to the enhanced lability and/or distorted geometry (75) of the hydration shell of Fe 2+ at the interface relative to bulk water, a condition that would facilitate the substitution of O 3 for hydration waters and, hence, the direct interaction with the metal center required by O-atom transfer during subnanosecond gas-liquid encounters (76) by diffusion from the bulk liquid (66 (Fig. 3) , in contrast to previous reports that O=Fe IV is formed only under very acidic (pH ≤2) bulk conditions (6, 8, 77) . The more extensive hydrolysis of Fe 2+ in more basic solutions prevented us from performing experiments above pH ∼6.5. It should be realized, however, that the acid-base properties of the airwater interface are quite different from those of bulk water. Whereas bulk water is neutral at pH 7, the aerial surface is neutral on bulk water at pH ∼3.5 (63, 65, 78) . This caveat prevents direct comparisons from being made between the pHdependences observed herein and those previously reported for similar experiments in bulk solution. We wish to emphasize that the concentration dependences observed in our experiments strongly support our assumption that the detected species are produced on the surface of the intact jet (whose composition is identical to that of the injected solution) rather than on the ensemble of daughter droplets (whose compositions will span the broad distributions generated by random solvent evaporation) (63, 65) (see also SI Text).
We tested the effects of tert-butanol (t-BuOH) and DMSO additions to FeCl 2 microjets exposed to O 3 (g). t-BuOH is an efficient scavenger of ·OH radicals (k ·OH+t-BuOH = 5 × 10 8 M −1 ·s −1 in bulk water) (79), whereas DMSO functions as both an ·OH scavenger and an O-atom acceptor (6, 49, 52) . Fig. 4 shows negative ion mass spectra of aqueous 100 μM FeCl 2 microjets containing large excesses (100 × [FeCl 2 ]) of t-BuOH or DMSO upon exposure to O 3 (g). Notably, the addition of t-BuOH has no effect whatsoever on mass spectra, thereby implying that ·OH radicals do not participate in the formation of the observed products. Fig. 5 vis-a-vis Fig. 1 ), an event we ascribe to the slowness of R2 relative to R4 under present conditions, because O=Fe IV Cl 3 − would be consumed at the same rates via R5 in both systems. We confirmed that the addition of DMSO as a cosolute in these experiments (Fig. S4 ) has an effect similar to those displayed in Fig. 4C .
The prompt formation of products in our experiments, at rates several orders of magnitude larger than those estimated for the same reactants dissolved in bulk water, and the peculiar variation in the ratio of the products of parallel reactions R3a and R4 (Fe unique events at the gas-water interface (26, 48, 82) . The possibility that doubly charged Fe 2+ cations might be present in shallow interfacial layers is supported by molecular dynamics calculations, which predict that the concentration of doubly charged Mg 2+ peaks at ∼4 Å below the Gibbs dividing surface at values twice as large as its concentration in bulk water (83) . Recent X-ray reflectivity studies confirmed the existence of nonmonotonic cation density profiles within ∼1-nm interfacial layers of aqueous electrolyte solutions (84) . We cannot rule out the possibility that impinging gases are hydrated before colliding with the liquid surface (85, 86), but we deem it inconsequential because O 3 -(H 2 O) n and 6 2+ has a distorted octahedral geometry, on account of the broken symmetry, that lets O 3 approach the Fe 2+ center via low-energy associative interchange pathways (88) . Against this backdrop, our findings reveal that the dynamics and thermodynamics of ion hydration at aqueous interfaces are quite different from those in bulk water (75, 89) . Thus, the roles and behavior of ions in many physical, chemical, and biological interfacial processes may not be predicted (or analyzed) from the properties of the corresponding ions in bulk water.
The dissimilar evolutions of O=Fe ]. Everything happens as though the IF species involved in O-atom transfer are preferentially pushed to the surface of more concentrated Fe 2+ solutions. In this context, it is relevant to point out that we recently found that hydronium (H 3 O + ) emerges at the surface of water less than pH 4 as a "superacid" that protonates impinging gases having proton affinities larger than water (62, 64, 90) . Thermodynamics dictates that this is possible only if interfacial H 3 O + is weakly hydrated. If Fe 2+ behaves similarly, the enhanced reactivity of IF relative to B and its emergence at the surface of more concentrated solutions could be alternatively ascribed to an incomplete hydration shell of IF.
We associate the significantly enhanced reactivity of poly-iron ferryls relative to O=Fe IV Cl 3 − as O-atom donors to DMSO with the weakening of the O=Fe IV bond, and ascribe such weakening to electronic rather than inductive effects. Our view is based on the fact that strong electron-donating ligands, such as thiolate (24) , in the axial position are known to weaken and elongate the O=Fe IV bond in low-spin (S = 1) complexes by increasing the population of its σ-and π-antibonding molecular orbitals (45) . Because a Cl − ligand coordinatively bound to Fe II (as in X) or Fe III (as in Y) should be less nucleophilic than unbound Cl − , the enhanced reactivity of poly-iron ferryls appears to be a result of the electronic coupling of the iron centers via Cl − bridges. Further experimental work and high-level quantum chemistry calculations are needed to fully elucidate the molecular basis of the O-donating power of poly-iron ferryls.
In summary, we present compelling evidence of the prompt formation of mono-and poly-iron Fe IV − is not, implicates the electronic coupling of mixedvalence iron centers in weakening the Fe IV =O bond. Present results suggest a more significant role than hitherto envisioned for the Fe IV species produced in Fenton and Fenton-like chemistries at aqueous interfaces opposite hydrophobic media, such as air in atmospheric aerosols and clouds, proteins in living tissues, biomembranes, and bio-microenvironments.
Methods
Our experiments involve the injection of aqueous FeCl 2 jets into the spraying chamber of an ES mass spectrometer (Agilent 6130 Quadrupole LC/MS Electrospray System) flushed with N 2 (g) at 1 atm, 293 K. Jets are exposed therein to orthogonal gas-phase O 3 or H 2 O 2 beams. The species produced on the surface of such jets are analyzed in situ via online ES-MS. The present experimental setup essentially is the same as the one reported elsewhere (62, 64, 65) . Solutions are pumped (100 μL·min −1 ) into the spraying chamber through a grounded stainless steel needle (100-μm bore) coaxial with a sheath-issuing nebulizer N 2 (g) at a high gas velocity v g (∼160 m/s). The species detected by ES-MS are assumed to be produced in collisions of gaseous H 2 O 2 or O 3 with the surface of the intact aqueous jets containing microdroplets (D 0 > 1 μm) as they emerge from the nozzle, i.e., before they are broken up into submicrometer-sized droplets (58) (see also SI Text). These smaller droplets already carry net charge of either sign. It should be emphasized that charge separation is a one-time event driven by the conversion of kinetic energy of the nebulizer gas into surface and electrostatic energies of submicrometer-sized droplets (58) . We have demonstrated the surface specificity of our experiments by showing that (i) anion signal intensities in the mass spectra of equimolar salt solutions adhere to a normal Hofmeister series (rather than being identical) (91, 92) , (ii) the depth of the interfacial layers sampled is controllable as a function of nebulizer gas velocity v (58), and (iii) they allow the detection of products of gas-liquid reactions that could be formed only at the air-water interface (62, (64) (65) (66) 71 ). Gaseous hydrogen peroxide, H 2 O 2 (g), was injected into the spraying chamber carried by ultrapure (>99.999%) N 2 (g) sparging hydrogen peroxide solution [extra pure reagent, 30% (wt/wt) in water; Nacalai Tesque] kept in a trap held at 293 K in a temperature-controlled bath (TRC-4C; Thomas). Carrier gas flow rates were regulated by calibrated digital mass flow controllers (SEC-400 Mark 3; Horiba STEC) up to 1 standard liter per minute (Fig.  S1) (Fig. S5 ). Teflon gas lines were cleaned and dried daily with ultrapure nitrogen gas. Ozone was generated by flowing ultrapure O 2 (g) (>99.998%; Kyoto Teisan) through a silent discharge ozonizer (KSQ-050; Kotohira) and quantified via online UV-visible absorption spectrophotometry (Agilent 8453; Agilent Technologies) at 250 and 300 nm [absorption cross sections σ(250 nm) = 1.1 × 10 −17 , σ(300 nm) = 3.9 × 10 −19 cm 2 ·molecule −1 at 298 K] before entering the reaction chamber (Fig. S2) .
Throughout, the reported [O 3 (g)] values, which correspond to the concentrations actually sensed by the microjets in the reaction chamber, are estimated to be ∼13 times smaller than the values determined from UV absorbance because of further dilution by the drying gas. The gas molecule hitting the surface of the pH-adjusted (by concentrated HCl/NaOH, and the pH was already measured by a calibrated pH meter, Horiba LAQUA F-74, before the experiments) aqueous microjet can stick to it by accommodation, reacting therein, or rebound (94, 95) . See Supporting Information for more details.
